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DESIGN HANDBOOK
LOCKING MECHANISMS
By
David L, Cusick
Electrical Systems and GSE Engineering Department

Chrysler Corporation Space Division
Huntsville, Alabama

ABSTRACT

This handbook presents the techniques, developed in an intensive testing
program, for use in designing ball-lock mechanisms for use on space vehicle
umbilicals., 1In addition to the general design of this locking device and its
component parts, this handbook covers the effects of component surface conditioning,
temperatures from ambient to minus 196 degrees Centigrade (©C), materials and
material hardness, and forces on the locking device up to 5000 pounds.

For the convenience of the reader, the final test report under this
contract is included as an addendum to this report.
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DESIGN HANDBOOK

LOCKING MECHANISMS

SUMMARY

The information presented in this handbook is the product of a test program
conducted by Chrysler Corporation Space Division, Huntsville Operations under
Contract Number NAS8-20649.

[;;; locking devices investigated in this program were limited to two types,
ball-locks and collet-locks. The ball-lock mechanism|(Illustration 1, Appendix A)
fmggasists of two basic parts, a vehicle half or ball race and a ground half that

performs the mechanics of locking or unlocking. The ground half of the ball-
locking mechanism houses the balls and the release pin that is mechanically or
pneumatically actuated to accomplish the locking or unlocking function.

The collet-lock mechanism| (Illustration 2);?:t;stigated in this test
program, like the ball-lock, consists of a vehicle half or seat and a ground
half that performs the mechanics of locking or unlocking. The ground half of
the collet-lock mechanism is a one-piece, segmented, cantilever configuration
fabricated from a spring material such as beryllium copper. The release pin in
the collet-lock mechanism may also be mechanically or pneumatically actuated.

The testing program indicated that the ball-lock mechanism is to be greatly
preferred over the collet-lock mechanism. The degree of effort involved in the
design of collet-lock mechanisms is too involved and too time consuming for the
end result. The ball-lock mechanism will more than adequately perform the locking
function and is more easily designed and manufactured. For these reasons this
handbook is limited to the design of ball-lock mechanisms on{z;j g? fj’ -7




SECTION I. TINTRODUCTION

This handbook covers the design of ball-lock mechanisms for use on space
vehicle umbilicals. The design information presented in this handbook is the
product of a test program conducted by the Electrical Systems and GSE Engineering
Department, Chrysler Corporation Space Division, Huntsville Operationms.

In addition to the general design of this locking mechanism and its components,
the effects of component surface conditioning, temperatures from ambient to minus
1960C, materials and material hardnesses, and forces (pre-loads*) on the locking
device up to 5000 pourds are presented.

This information was compiled to aid in the future design of umbilical
locking mechanisms. The use of this information will increase hardware reliability
and life and by standardizing umbilical lock designs will increase the inter-
changeability of parts among umbilical locks of different vehicles and vehicle
stages.

This handbook is limited to the design of the components of the ball-lock
that actually perform the locking function and does not include the pneumatic
cylinder or mechanical system that supplies the force for lock release.

* For the purpose of this handbook pre-loads refer to those forces that are
applied to the locking mechanism to maintain contact between both halves
of the umbilical and those forces on the locking mechanism that result from
vibration, umbilical weight, wind effects, vehicle sway, etc.)




SECTION TI. DESCRIPTION

CONFIGURATION

A. FENVELOPE

The first consideration in the design of umbilical locking mechanisme
is that of size, available space, or envelope that is allowed for the lock.
Coupled with this consideration is the pre-load on the umbilical or that force
trying to separate the two halves of the umbilical while the lock is engaged.
These two parameters, size and pre-load, must be considered together to achieve
an optimum design. In general, the lock should be designed to the largest size
that is practical from a weight and configuration standpoint. 1In the case of
ball-locks of optimum designs, tests where three sizes were investigated (Ref.
figure 1, Appendix B), 1.056 inches, 1.358 inches, and 1.810 inches in diameter,
demonstrated that each sized lock functioned reliably with few differences in
release characteristics up to 5000 pounds pre-loading. (The ball-lock sizes
refer to the diameter of the ball retainer tip (Ref. illustrations 3 through 5).
In collet-lock tests, 1.00 inch diameter hardware in most cases released with
reasonable success at pre-loads up to 5000 pounds force while collets of 0.50
inches in diameter failed (fractured) consistently at pre-loads between 3000 and
4000 pounds (see illustrations 2, 6 and 7). It can be noted, therefore, that
locks of the 1.00 to 2.00-inch diameter size range which incorporate optimum
design features are generally acceptable for umbilicals where pre-loads no greater
than 5000 pounds are present.

B. COMPONENT DESIGN

1. General. The general ball-lock configuration should be capable of
relatively smooth operation and coupling and should be sufficiently sturdy to
withstand some abuse. It should also, of course, be of sufficient size and critical
surface area to withstand the applied tension forces within the limits of the
materials used for manufacture. A typical example is shown in illustration 1. One
of the first basic considerations in component design is the number of balls to be
used. The number of balls is directly related to the maximum system stress under
a given applied force. An optimum configuration will contain some optimum number
of balls that aids in reducing the overall system stress to a minimum. This optimum
ball configuration may be theoretically calculated using Hertzian contact stress
equations®* and simple geometric relationships. The optimum number of balls will
be independent of ball and ball retainer size. For detailed calculations of
optimum ball configurations refer to Appendix C, Examples T, IT, and ITI. The
results of these calculations should he considered along with certain practical
aspects before making the final determination of an optimum ball configuration.
lase of manufacture, ball size, availability of hardware and tolerancing are
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some of these additional considerations. Based on these considerations

and the above mentioned calculations, the ideal number of balls to be used
for any sized ball-lock of the type applicable for space vehicle umbilicals
has been determined to be four.

The next basic consideration in component design is that of
relative component size. With the ideal number of balls established at four,
the relative size of the ball-lock components (the balls, the ball-retainer,
the release pin, and the ball race) must be determined based on the space
limitations for this hardware. The sizing of the ball race depends on the
pre-loading of the lock as well as the space limitations. If the pre-loading
is extremely high, up to 5000 pounds, the race should be designed to the
maximum envelope allowed with the inner diameter (7.D.) of the race in the range
of one to two inches. Tests have proven that ball-locks of optimum configurations
in this size range are capable of reliable performance under pre-loads of 5000
pounds. With an approximate value established for the race I.D., an approximate
value for .the outside diameter (0.D.) of the ball retainer may be established
as these values will be equal except for tolerance differences (see illustration 8).
The ball size based on the ball retainer size may now be calculated from
equations formulated from the geometric relationships of the components. These
equations, shown in Example III, determine the maximum ball size for a given
retainer size in a four-ball configuration. This calculated value of ball diameter
may then be compared with vendor size listings of ball bearings to sclect a ball
size that can be purchased as a "stock' item. When the proper ball is selected,
a more exact determination of the ball retainer 0.D. and the race I.D. can be
made utilizing the calculations discussed previously.

2. Race. The general size and configuration of the race has been

established by the envelope and calculations discussed in the previous section,

The race angle must now be determined (Ref. illustration 8). When a load is
applied to the lock, the balls bear directly on the race angle which transmits
-a resultant force to the release pin. The size of the race angle will determine
the resultant force value on the release pin. As the race angle size increases

the load on the pin decrcases. The load on the pin is directly related to the
force required to actuate the lock. As the load on the pin becomes greater, the
balls will indent farther into the pin and more brinelling or galling of the pin
will occur during the unlocking operation. As a gencral rule the race angle should
be as large as possible within the limits of practicality. Tests have supported
this by showing that as the race angle size is increased the release force decreases
(Ref. figure 2). However, the size of the racc angle will be limited by certain
physical aspects connected with the manufacturing and assembly of the locking
mechanism. It has been determined in actual practice that as the size of the

race angle is increased the difficulty of fabrication and assembly becomes greater.
The problem is primarily one of ball retention by staking the retainer versus

ball position relative to the race angle; i.e., as the race angle is increased,



the balls must be allowed to protrude farther out of the ball retainer to
maintain full contact on the race. The farther the balls protrude relative

to the retainer, the more difficult it becomes to sufficiently stake the

ball retainer to permanently hold the balls. As the 'ball retainer size
decreases, as in the case of smaller ball-locks, the problem becomes greater,

in that there is a definite limit to the race angle that may be used.
Illustration 9 graphically illustrates this effect. 1In the testing discussed
above, 75 degree race angles were used in two-inch ball-lock assemblies with
relative ease whereas, in other tests on one-inch ball-locks, it was necessary

to limit the race angle to sixty-five degrees. To reiterate, the theorctically
desirable race angle which minimizes the resultant -force on the release pin

will not be practical for all ball-lock sizes, however, the largest practical
angle should be determined. The physical limit of the race angle or the

maximum race angle may be calculated by the equation shown in Example IV.

This equation relates the variables discussed above: The ball-retainer size,
ball-size, tolerance between the race I.D. and the ball-retainer 0.D., the

corner radius of the race I.D., ball position relative to the race angle and
staking depth. The retainer and ball sizes have been established from the
previous section (Ref. Paragraph II.B.1) and the tolecrance betwecen the race I.D.
and the ball retainer 0.D. may be established according to normal tolerancing
practices. The corner radius of the race 1.D. should be as small as possible
(approximately 0.03 ‘inches or less) to maintain as much surface arca on the race
angle as possible. The staking depth and the ball position relative to the race
are nebulous values that must be assumed. The ball position relative to the
race, the Y dimension shown in Example TV, is the vertical distance from the top
of the corner radius of the race I.D. to the ball and racc contact point. This
dimension will depend on the diameter of the ball brinell or indention in the
race that occurs when the lock is loaded. For the purposes of design, this

value may be assumed to be from 0.03 to 0.04 inches. The staking depth will vary
depending on the tool and the personnel performing this operation. As a starting
point, a value of 0.032 inches may be used for this value but a larger value
would be more desirable. Tf minimum values are chosen for the staking depth,

the ball position, the corner radius, and the tolerance; the equation in Example IV
will yield the maximum possible angle that may be used for this configuration.

1f possible this maximum angle value should be reduced somewhat to ''loosen up'

on the variables in question. Although the equation mentioned above may not
provide an absolute value for the race angle, it will provide a good approximation
and starting point for further evaluation.

3. Release Pin. The relecase pin is basically a cylinder with a small
tip tapered up to a larger diameter which initiates the lock mechanics by pushing
the balls out in the locking operation (Ref. illustration 10). The purpose of
the small tip on the end of the pin is to retain the balls when the mechanism is
in the unlocked position. The overall length of the release pin and tip will
depend on the travel of the pneumatic piston or actuating mechanism of the lock.
However, this travel should be limited to approximately 1.00 inch or less. The




pin travel relative to the ball and the pin taper should be held to a maximum of
approximately 0,25 inches (Ref. illustration 10). The pin and tip diameters

may be calculated from the equation in Example V after the variables discussed
in previous sections have been established.

In the case of this type of pin (single point contact), severe
stressing on the ball and pin contact surface may be present due to the small
surface area of contact in a ball-on-cylinder configuration. This high stressing
will cause some brinelling of the pin during the unlocking operation. The
severity of brinelling will of course vary with the resultant load on the pin.

As previously discussed, this resultant force will increase as the race angle
decreases and in the case of relatively low race angles (i.e. 45 degrees) the
force may be very high, 1In this case the pin brinelling can be extremely severe.
This pin damage can possibly influence the force required to release the lock.
To increase the surface area between the ball and pin and thus decrease the
contact stress at any one point, two other types of pins, the two point contact
pin and the line contact pin, may be used (Ref. illustration 11). Tests were
performed on pins of both types, however, and no reduction of release force was
experienced when tested in hardware with 70 degree race angles even though the
overall pin damage was very light. Although tests were not performed with low
race angle configurations, pins of these type may have applications where low
race angles are required. For this reason, these designs merit consideration
dependant on the specific set of conditions encountered.

C. TOLERANCING

In most cases the tolerances encountered in designs of this nature
should conform to standard tolerancing practices.* Tolerance stack-up should
be considered and minimum and maximum tolerances on all dimensions should be
reflected in the equations discussed previously. Two critical areas of tolerancing
are: (1) the holes in the ball retainer housing that retain the balls and (2) the
bore through the center of the ball retainer that houses the release pin (Ref.
illustration 8). The release pin bore should be maintained concentric with the
outside diameter of the ball retainer to achieve equal ball protrusion from the
retainer. The holes in the retainer that retain or house the balls should be
held to a close tolerance with the diameter of the ball to maintain line contact
with the ball and to decrease the depth of staking required. These holes should
also be maintained in the same plane to achieve even bearings on the race angle.

Tolerances that affect the installation into the umbilical housing and
cause angular misalignments between the ground and vehicle halves of the locking
mechanism should be held to a minimum. If an angular misalignment is present,
the release force will be affected. Tests have shown that as the degree of
misaiignment is increased, the force required to release the lock will increase
(see figure 3). At low lock pre-loads this effect is negligible but at extremely
high lodds a failure of the lock to release could result.

* Reference - MSFC Engineering Drafting Manual, Section 06, Tolerancing



i MATERIALS

In the selection of materials for locking mechanism components, two
of the most important considerations are pre-load or stressing and environment.
In applications of this type whére contact stresses are present and pre-loads
are high, extremely high stresses will be experienced. In most cases, materials
are not available that will withstand this high stressing without some damage.
Stresses of several hundred thousand pounds per square inch on ball-lock components
can be expected when pre-loads of 5000 pounds or more are applied to the lock.
However, in contact stressing only the surface of the part is stressed and only
surface damage will result. This surface damage must be held to a minimum
to maintain release forces at a reasonable level and, therefore, very strong
materials must be used. In most cases harder materials effect the best results
in applications of this type. 1In addition, surface damages must be restricted
to certain areas in the locking device. TFor example, if the balls were made of
a very soft material, they would deform or flatten out under high loads and
release would be greatly affected. Generally, it is preferable if the balls
are maintained as the hardest components in the ball-iock assembly and the
surface damage limited mainly to the race and rélease pin.

A. GENERAL

Environment is also an important factor in the selection of materials.
All materials used must be compatible with the environment to which they are
exposed. 1In space vehicle applications, materials may be subjected to a cor-
rosive environment, a liquid oxygen (LOX) environment, extreme temperature
environments, etc. It may be required that the materials be compatible with
all of these conditions.

Stainless steels are best suited for applications of this type because
of their high strength and corrosion resistance. Stainless steel, type 440C, «¢
is an excellent ball material and can be heat treated to a very hard condition
(Rockwell C (Rc) 58 or harder). Since this material is a standard ball bearing
material, balls can be readily purchased in all sizes. All 400 series stainless
steels, however, become extremely brittle at low temperatures and may not be
desirable for cryogenic applications. Although in all tests performed in the
associated test program (nearly 4000 tests in all) at temperature as low as
minus 196°C using 440C balls, no failures, fractures or serious damage occurred
due to the ball material. Since contact stresses result in stressing on the
component surface only and a ball configuration does not readily lend itself
to fracture, it is felt that the use of 440C stainless steel as a ball material
will not result in any serious problems at reduced temperatures.

<5 oS

300 series stainless steels such as 304 and 303, can be used for other
component materials (race, release pin, ball retainer). Stainless steel type 304
has exceptionally good low temperature properties. However, all 300 series steels
must be purchased in a prehardened condition by cold working and are not readily \‘f52>




available in very hard conditions. The hardness limit is approximately

Rc 35 and is very difficult to obtain, 17-4 PH stainless steel is an age
hardenable stainless steel and can be purchased in various hardness conditions.
This material is recommended when a 300 series.stainless steel is not available
at a desired hardness level, Eighgggn«pgggggg?fTS%) nickel maraging steel is

an ultra-high strength material which can be heat treated to a hardness of
approximately Re 50 and an ultimate strength of approximately 250,000 pounds

per square inch. This material performs very well as a component material in

a ball-lock assembly. However, this material at the present time is comparatively
expensive and is not corrosion resistant. A protective coating or plating would
be required for use in a corrosive atmosphere. For these reasons this material
would not be recommended unless very high strengths are required due to excessive
pre-loads on the ball-lock. Various other materials may be applicable but they
should be selected to be compatible with the specific set of conditions under

which they will be used. [

B. MATERIAL HARDNESS

In.ball-lock design, the material hardness is generally more important
than the type of material in so far as the unlocking operation or force required
to-unlock is concerned. As previously stated, very high surface stresses may be
encountered in the use of ball-locks and to minimize surface damage, hard materials
are required. Tests have shown that as the material hardness increases, the force
required to release the lock decreases (Ref. figure 4). In addition the release
force data obtained in tests of this type was much less scattered and more
reproducible when harder materials were tested. In cryogenic temperature appli-
cations, soft materials become harder and release forces become comparable with
those where hard materials are used. However, based on past experience, the most
favorable results will be achieved when the hardness of the race, release pin
and ball retainer is maintained above Rc 25 and the ball material is maintained
above Re 50, The exact hardness level required will depend on the specific service
conditions, primarily the overall load on the lock. When the pre-load does not
exceed 5000 pounds the above hardness recommendations will apply.

C. HARDWARE LIFE

Hardware life will basically be affected by material hardnesses. Since
ball-lock components will suffer some surface damage, repeated use of the same
hardware may cause some problems if the materials used are too soft. When life
cycle tests, shown in figures 5 and 6, were performed on ball-lock assemblies with
components of two hardnesses, the data was more consistant where the harder
material was tested. No failures to release, however, were experienced in either
test series of 250 cycles. When lower race angles than the 70-degree angles used
in these tests are required, the release forces are likely to be more inconsistent
and the possibility of failure after repeated cycling will be greater. Basically,
the use of the hardest materials available that are practical for this application
and can be acquired both readily and economically will increase the overall reli-
ability of the locking mechanism.



SURFACE CONDITIONING

A. SURFACE FINISH

To achieve an optimum ball-lock design, the proper surface finish
must be selected for each component of the assembly. Since the bearing surfaces
of the race and release pin even in an optimum configuration will receive moderate
damage during the unlocking operation, the difference in the effect of surface
finishes of 8 root mean square (rms) to 32 rms on these components is negligible
as release force is concerned (see figure 7). 1In addition, only slightly higher
release forces will be obtained when surface finishes as high as 125 rms are used.
A 32 rms finish is recommended for the bearing surfaces of the above hardware since
it is easily achieved by normal machine shop procedures and is quite acceptable
from a release standpoint, The surface finish of the balls on the other hand
should be maintained as low as possible. Past experience has shown that the
surface condition of the balls will greatly affect the release characteristics
of the lock such that it may be required that the balls be replaced frequently
during repeated use., Standard precision grade bearing balls conforming to Military
Standard MS 9461 can be purchased economically with a 2 rms surface finish and are
recommended for this application due to past performances. Even when using balls
of this type a transfer of material from the release pin to the balls under high
loads may occur that will require replacement of the balls for continued use of
the lock assembly.

B. PLATING

A protective plating on lock hardware will be required when materials
that are not corrosion resistant are required for applications where a corrosive
atmosphere is present. A plating of this type will not affect the overall operation
of the lock. Tests have supported that release forces are neither reduced nor
increased due to plating effects when optimized ball-lock designs are used. When
less than optimum designs are used and loads on the plated parts are sufficient to
cause severe surface damage, the reliability of the lock may be affected due to
flaking of the plating material. 1In situations wherc the lock is required to
undergo an excessive number of release cycles, the reliability of the lock may
also be affected due to plating damage.

C. LUBRICATION

Ball-locks of an optimum design do not require lubrication on the bearing
surface to function reliably. However, the use of certain types of lubricants will
significantly affect the release characteristics of the lock such that very little
force is required to release the lock, This was demonstrated in tests where the
effect of lubrication was investigated and the results compared with data where
lubrication was not used (see figure 8). These tests also demonstrated that only
dry film type or spray film type lubricants showed any improvements over unlubricated
systems for this type of application. The data from the tests where grease type
lubricants were used was only comparable to and in some cases higher than the test
data where no lubrication was used.




As in the case of material selection, lubricants must be compatible
with the environment to which they are exposed. When the lock assembly is subject
to cryogenic temperatures, dry film type lubricants produce the best results.
When exposed to liquid oxygen (LOX), the lubricant must of course be compatible
with LOX. The lubricant which produced the lowest release forces in the previously
discussed test program, Electrofilm Lubri-Bond A, was not LOX compatible and,
therefore, could not be used for most space vehicle applications. Other lubricants
of the same type are available which will conform to the necessary requirements.
As stated before, however, lubrication is not necessary unless very low release
forces are desired.
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APPENDIX A - ILLUSTRATIONS
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APPENDIX C - CALCULATIONS




The basic equation developed by H. Hertz for determining contact stress in a
sphere-on-plane configuration is as follows:

3 2
S=0616 %‘;;
Where:
S = Stress
P =Load

E = Modulus of Elasticity
d = Sphere diameter

(Reference: Kent's "Mechanical Engineers' Handbook", Design & Production,
Twelfth Edition, pages 8-36)

Or:
3 P E!
S =0.616 a#é— Equation (1)
|
Where:
P, = Force on Ball-Lock Race

r Radius of Ball

From the force diagram: (See page C-4)

P = ff_N'_o‘_l Equation (2)
Where:

Ft = Total load on Ball-Lock

N = Number of Balls

A, = Constant

EXAMPLE I. OPTIMUM BALL NUMBER DETERMINATION.




From the ball and ball retainer relationship: (See page C-6)

r = aR Equation (5)
Where
R = Ball retainer radius
ond:
. m
sin{+7
a-= -——iﬂ—),— Equation (4)
| + sm(-ﬂ-)
Substituting from Equations (2) and (5) in Equation (I)
s = osl6, /M FIE Equation (6)
' 4Na?R? q

Letting Ay, E, Ft and R be Constants:

S = K ’N' Equation (7)

Where:
K, = Accumulated Constants
Thus indicating that stress(s) is minimum when Na® is maximum
And letting Ay, E, S and R be Constants:
Fy = KpNa® Equation (8)
Where:
Kg = Accumulated Constants
Thus indicating that, for a given stress(s), the total force on the lock (Fy

will be maximum when Na?is maximum.

" EXAMPLE 1. (Continued)

c-2




Solving for a and Na? for various numbers of balls (N) results in the fol-
lowing table:

(Ref: Equation 4)

q Na?
0.5000 0.500
0.4640 0.6459
0.414 .6864
0.3701 0.6850
0.3333 0.6667
0.3026 0.6412
0.2767 06128
0.2548 0.5841
0.2360 0.5570
0.2055 0.5064
0.1819 0.4364

SV~ OBLN |2

Therefore:

When the number of balls is four, the Na® value is maximum
and from Equation (7) the stress on the race will be minimum.

EXAMPLE I. (Concluded)
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FORCE DIAGRAM

F = Applied force on each ball
Fy = Total applied force on lock
N = Number of balls

Pr = Resultant force on race

Pp = Resultant force on pin

K pe py = Coefficient of friction on
respective surfaces

Fo= 4

ZFy
F = -pusPp+ Prsina + p Prcosa
Or:

F- PrSinﬂ -p.PrCOS a
Pp =

-Hs3

EXAMPLE II. FORCE DIAGRAM

c-4
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ZFy
Pp = -p2F - p Prsina + Prcosa
F-Pysina - pu P cos a

lat:

Or:

R |- pops

F sin a(l+mu, pa) + cos alp, - pus)
Let:

A |- pops

! Sin Q(I+F| ,"3) + COS a(p..-p.!,)

And:

P

‘F[ s A| Or: Pr =FA|
Or:

Py = -F—k&‘- Equation (2)

EXAMPLE II. (Concluded)
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BALL RETAINER

RELEASE PIN TIP
N = Number of balls

R = Radius of ball retainer
r = Radius of ball
6 = Angle formed by the intersection of the line drawn through
the ball and ball retainer centers and the line drawn
through the ball retainer center tangent to the ball.
r
sing = L
. 180° =
N N
rYy. N
sin ( N ) R-T,



Or:

Let:

) Rsin(

I

|+ sin(

sin (

aR

i)

°)

) Equation (3)

4

Equation (4)

Equation (5)

EXAMPLE IT. (Concluded)
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'r,,(l-cos a)
[
y
r(1-cos a) { r, cos a
t
s
< |
R
R = Ball retainer radius
r, = Ball radius
r = Corner radius on race |. D.
t = Tolerance between race |.R. and ball retairer O.R.
s = Staking depth or distance from ball ¢ to ball
retainer O.D.
y = Vertical distance from top of the race |. D. corner
radius to the ball and race contact point
n =s+t+r(l-cosa)+y +r (l-cos a)
Or:

cos a = H_Sm Or: a =arc cos [M]

r+r) r+n

EXAMPLE I¥. RACE ANGLE SIZE DETERMINATION
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Spherical
radius \?,
rzl

R = Ball retainer radius
r, = Ball radius

s = Staking depth

re = Release pin radius
roe = Pin tip radius

R=rp+r +s

Or:

rp =R-n-s
And:

R =rx+2n
Or:

re = R-2r,

EXAMPLE ¥. RELEASE PIN SIZE DETERMINATION

c-9
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1.0 INTRODUCTION

This report covers the results of Phase II of a test program conducted
for the Umbilical and Disconnects Section of the Propulsion and Vehicle Engineering
Laboratory of Marshall Space Flight Center, Huntsville, Alabama, under Contracts
NAS8-4016, Mod. 206 and NAS8-20649. The purpose of the program is to establish
the criteria necessary in the design, the selection, and the acceptance of
locking mechanisms applicable for space vehicle umbilical carriers., Tests were
performed on two basic types of locking mechanisms to determine the effect of
certain significant parameters on release force and reliability. 1In Phase I
of the program, conducted and reported under Contract NAS8-4016, Mod. 206,
the parameters investigated were: (1) race angle, (2) lock size, (3) materials,
(4) material hardness, and (5) temperature. Phase II of the program was
concerned with : (1) additional investigation in the areas of materials and
material hardness, (2) surface conditioning, (3) release pin design, (4) alignment,
and (5) hardware life. 1In both phases of the program experimental hardware was
tested at loadings up to 8000 pounds and temperatures as low as minus 196
degrees centigrade (©C).

This report is limited to the results of the testing accomplished in
Phase II of this program. All curves and data comparisons shown in this
report were statistically generated from the raw data obtained in this test
program. All data was transposed to the same zero point for ease of comparison
and should be used for comparison purposes only.




2.0 SUMMARY

2.1 MATERIAL HARDNESS INVESTIGATION

Ball-lock and collet-lock component material hardnesses in the
ranges of Rockwell C (Rc) 10-20, 20-30, 30-40, 40-50, and 50-60 were investigated.
The materials used to obtain these hardness levels were 304 stainless steel,
17-4PH stainless steel, 18% nickel maraging steel, and beryllium copper. Collets
of beryllium copper at three hardness levels (Rockwell B (Rp) 60, Rb 75, and
Rc 45) have also been tested. 1In most cases, the lowest release forces were
obtained where the harder materials were used.

2.2 SURFACE CONDITION INVESTIGATION

2.2,1 Surface Finish.

Ball-lock and collet-lock configurations with component surface
finishes of 8, 16, 32 and 125 root mean square (rms) were tested. The resulting
release forces were directly proportional to the surface finish with the highest
release forces resulting in the 125 rms tests, however, the only significant
differences in release forces were obtained in the collet-lock tests.

2.2.2 Lubrication

Five lubricants were tested on both ball-lock and collet-lock
configurations. These lubricants were Molykote Z, a dry powder; Electrofilm
Lubri-Bond A, a molybdenum disulfide spray film; Fluorocarbon $-122, a teflon
spray film; Dow Corning FS 1281 grease; and KEL-F No., 90 grease. These lubricants
were selected for their liquid oxygen (LOX) compatibility and/or low temperature
properties. Release forces were always reduced where the spray type lubricants
were used, The lowest release forces were obtained in the tests using the

Lubri~Bond A lubricant.

2.2.3 Plating

In these tests the effects of a hard chrome plate on the release
pins of ball-lock and collet-~lock assemblies were investigated. The plating of
the pin did not have any significant affect on the release characteristics of
the locks. The release forces obtained in these tests were comparable with the
results of tests performed where no plating was used. However, no flaking or
extreme damage to the chrome plate was observed in these tests.



2.3 PIN DESIGN INVESTIGATION

Two types of ball-lock release pins, a two point contact design
and a line contact design, were tested. When compared to the results of tests
where a conventional release (single point contact) pin was used, the release
forces obtained in these tests proved to be high. Considering this along
with the additional problems involved in the manufacture of pins of these
types, it is felt that these designs do not merit any further consideration,

2.4 ALIGNMENT INVESTIGATION

Angular misalignments of one, two, three, four, .six and eight degrees
in ball-lock and collet-lock test set-ups were investigated. A misalignment
greater than eight degrees cannot be tested as that is the largest angle at
which the two halves of the lock may be coupled together. In the ball-lock
tests, the resulting release forces increased in direct proportion with the
degree of misalignment. Although release forces above 550 pounds occurred in
the six~degree tests,.no failures to release occurred. In the collet-lock tests,
however, no pattern was detected in the comparison of the results, and the release
forces in general were lower than those obtained in the ball-lock tests. One
collet, however, fractured during the six-degree tests,

2.5 LIFE CYCLE INVESTIGATION

Two life cycle test series of 250 tests each were performed on both
ball-lock and collet-lock configurations. In the ball-lock tests, the two series
were performed with hardware of two hardnesses, Re 35 and Re 50. When compared,
the Rc 50 tests resulted in generally lower release forces and less data scatter
than did the R¢ 35 tests. 1In one collet-lock test series, a fracture occurred on
test number 180. Another collet-lock, however, successfully completed 250 cycles.
Lubrication was used in both collet-lock test series,




3.0 TEST HARDWARE

3.1 GENERAL

The locking devices tested in this program were pneumatically released
by means of a piston-cylinder arrangement with Buna-N '"0" ring seals. The
effective surface area of the piston was one square inch. Removable tips as
shown in illustration 2, Appendix A, allowed the pneumatic cylinder to be used
in testing either the ball-lock or collet-lock configuration. System pre-loads
were applied hydraulically and measured with load cell instrumentation. All
temperatures were measured and recorded with potentiometric recording equipment.
With the exception of the lubrication study tests and some collet tests, no
lubrication was used on the locking surfaces. Although various types of
lubrication were used on the pneumatic cylinder depending on the temperature of
the test-environment no attempt will be made to evaluate the performance of this
hardware,

3.2 BALL-LOCK

The ball-locks tested in this phase of the program were four-ball
configurations with a ball retainer tip diameter of 1.810 inches. Of the three
ball-lock sizes investigated in Phase I of the program, this size was selected
for Phase II testing due to past experience with locks of this size. (Ref.
illustrations 1 and 2). A race angle of 70 degrees established in Phase I testing
as optimum for ball-locks in this size range, was used exclusively in all Phase IT
testing., (Ref. illustration 4). The ball-retainer was fabricated from 304
stainless steel, condition B (hardness R¢ 35), in accordance with Specification
QQ-S-763. 1In all tests 440C stainless steel balls, full hard (R, 58), were used.
The materials for race and release pin fabrication were varied in order to achieve
various hardness conditions. These materials included 304 stainless steel, 17-4PH
stainless steel, 18 per cent nickel maraging steel, and beryllium copper.

3.3 COLLET-1OCK

One-inch diameter collet-locks of a one-piece, twelve segment, cantilever
configuration were selected for use in this phase of the program. This configuration
is identical to that used in most of Phase T testing (Ref. illustration 3). The
collet angle and race angle used in Phase II testing was 75 degrees. This was
the angle value that was optimized in Phase I of the program (Ref. illustration 5).
All collets were fabricated from beryllium copper in accordance with Specification
QQ-C-530 and heat treated to an HT condition (hardness R¢ 45). As in the case
of ball-lock hardware, the collet races and release pins were fabricated from
varied materials which include 304 stainless steel, 17-4PH stainless steel,

18 per cent nickel maraging steel, and beryllium copper. Lubrication of the
collet locking surfaces was performed in some sections of the program.



4.0 DISCUSSION

4.1 BALL-LOCK TESTING

4.1.1 Material Hardness Investigation

This investigation was a continuation of a study originally initiated
in Phase I of the program. In this phase, races and release pins of hardnesses
in the ranges of R 10-20, 20-30, 30-40, 40-50 and 50-60 were tested in standard
ball-lock configurations. A test series was performed for each hardness range
where both a race and pin of the hardness under investigation were incorporated
into a test lock assembly. 1In each series, tests were conducted at various pre-
loads up to 5000 pounds and at three temperatures: ambient, minus SOOC, and
minus 196°C. 304 and 17-4 PH stainless steel, purchased in pre-hardenéd conditions,
were used for hardware at hardnesses from R; 10-40 while beryllium copper and
18 per cent nickel maraging steel were used where hardnesses above R 40 were*
required.

The results of the testing in this investigation are shown graphically
in figures 1 through 3, Appendix B. A temperature affect of some significance
can be seen from this data as the lowest release forces resulted in the tests
at minus 196°C., Therefore, a comparison of the results of the various hardness
tests was made for each test temperature. In the tests at minus 1960C some
of the softer materials actually produced the lowest forces., However, it can be
stated that any variation in the release force data over this hardness range is in-
significant for practical purposes since the release forces ranged from a maximum
of approximately 240 pounds to a minimum of approximately 120 pounds.

4.1.2 Surface Condition Investigation

4.1.2.1 Surface Finish

This study was concerned with the effects of various surface
finishes on ball-lock locking component surfaces. Four finishes, 8, 16, 32
and 125 rms, were selected for investigation. These finishes were limited to
the bearing surfaces of the race and release pin of a standard ball-lock con-
figuration. All tests were conducted at ambient temperature without lubrication
on the locking surfaces. A comparison of the results of these tests are shown
in figure 4. These curves were statistically derived from the raw data resulting
from the tests. It can be seen that no significant differences in the release
forces due to surface finish were disclosed by these tests. Based on these data, a
finish of 32 rms was selected for all future testing.




4.1.2.2 Lubrication

All tests in Phase I and II of this program prior to this series
were performed without the benefit of lubrication on the lock bearing surfaces.
This series of tests demonstrate the effects of lubrication. Five lubricants were
selected for their LOX compatibility and/or low temperature properties. These
lubricants were as follows:

1. Electrofilm Lubri-Bond A - A molybdenum disulfide spray
film - not compatible with LOX.

2. Molykote.Z - A molybdenum disulfide dry powder - good
low temperature and LOX compatibility properties.

3. Fluorocarbon §-122 - A teflon spray film - good low
temperature and LOX compatibility properties.

4. Dow Corning FS1281 - A grease - good low temperature
properties to minus 80 degrees Fahrenheit (OF) requires
batch testing to assure LOX compatibility.

5. KEL-F-#90 - A grease - LOX compatible - freezes at extremely
low temperatures.

These lubricants were applied to the bearing surfaces of the release
pin and race only. The results of this study are shown graphically in figures 5
through 7. Tests were conducted at three temperatures, ambient, minus 80°CC and
minus 196°C, and a comparison of the data was made at each temperature. In
figure 5, a comparison at ambient temperature, it can be seen that no improvements
in release force resulted except where the film type lubricants were used. The
release forces occurring in the tests where the two greases were used were actually
higher than those occurring in tests where the system was unlubricated. However,
the data comparison at minus 196°C, figure 7, shows that all lubricants improved
the releasing characteristics of the lock although both the greases froze at that
temperature. In all cases the lowest release forces resulted in tests using the
Electrofilm Lubri-Bond A.

4.1.2.3 Plating

In these tests the effects of a hard chrome plate on the release
pin were investigated. Release pins fabricated from basic materials of two
hardnesses, Re 20 and Re 51, were plated with a hard chrome, 0.002 of an inch
thick. The basic finish on the pin bearing surface was 32 rms and the pins
were tested in the as received condition after plating. Tests were conducted
at three temperatures, ambient, minus 80°C and minus 196°C. Figures 8 through
10 show the results of theseé tests. The release forces obtained in these tests
compared in magnitude to the resulting forces in tests where unplated hardware
was used. No flaking or extreme damage to the chrome plate was observed in these
tests. It would be possible, however, for a chrome plated pin to experience
severe damage at loadings on the order of 5000 1lbs if low race angles (i.e.,

45 degrees) were used where extreme resultant forces on the pin are present.




4.1.3 Pin Design Investigation

In the case of a conventional ball-lock release pin or single point
contact pin, severe surface stressing on the pin and ball contact surface is
present due to the small surface area of contact in a ball-on-cylinder con-
figuration. This high stressing causes some brinelling of the pin during the
unlocking operation. The severity of brinelling will of course vary with the
resultant load on the pin. Where high race angles are used (i.e., 70 degrees)
the brinelling is relatively light. Where low race angles are used (i.e., 45
degrees) and the resultant force on the pin is very high, the pin brinelling can
be extremely severe. This pin damage will greatly influence the release force
of the lock. 1In an effort to reduce the releasing force by increasing the
contact surface area of the pin, two new types of release pins, the two point
contact and the line contact pins, were designed and tested (ref. illustration 6).
These tests were conducted on hardware with a hardness of Rc¢ 35 and a race angle
of 70 degrees. The results of this test series are shown in figures 11 through
13. A comparison of the release forces obtained in single point contact, two
point contact and line contact pin tests is shown in figure 13. As can be seen
by these data, no reduction of the release force magnitude was achieved. 1In tact,
the release forces were higher in the two point and line contact tests than in the
single point contact tests. In the manufacture of pins of this type, the alignment
of the pin grooves in relation to the ball positions is very critical and a slight
misalignment could account for the increase in release force. However, based on these
data and the manufacturing problems involved, it is felt that these new designs do
not merit any further consideration with the exception of possible applications
where low race angles are used.

4.1.4 Alignment Tnvestigation

In space vehicle umbilical applications, some degree of angular
misalignment may be present between the ground and vehicle halves of the locking
mechanism. It was felt that misalignments depending on the degree could greatly
affect the releasing characteristics of the lock. Therefore, tests were performed
on standard ball-lock hardware with varying degrees of misalignment incorporated
in the test set-up. Angular misalignments of one, two, three, four, six and
eight degrees were investigated. Misalignments greater than eight degrees could
not be tested as that was the largest angle at which the two halves of the lock
could be coupled together., All tests were conducted at ambient temperature and
with hardware with a hardness of Rc 35. Figure 14 shows a comparison of the results
of these tests for each degree of misalignment, The eight-degree tests are not
shown in this comparison due to the extreme amount of data scatter occurring in
this series (ref. figure 15). However, up to and including the six-degree tests,
the release forces increase in direct proportion with the degree of misalignment.
Although release forces above 500 pounds were experienced in the six- and eight-
degree tests, no failures to release occurred in this series.




4.1.5 Life Cycle Investigation

Life cycle test series were performed on ball-lock hardware with
races and release pins of two hardnesses, Rc 35 and Re 50, Each configuration
was cycled at least 250 times at 5000 pounds pre-load. These tests were conducted
at ambient temperature on conventional 70 degree ball-lock test assemblies. A
finish of 32 rms was used on the bearing surfaces in both cases, The results
of these tests can be seen in figures 16 and 17. The Rc 50 tests resulted in
generally lower release forces and less data scatter. No failures to release
occurred during either series. '

4.2 COLLET-LOCK TESTING

4.,2,1 Material Hardness Investigation

This investigation was also a continuation of a study originally
initiated in Phase I of the program. Phase I testing was limited to variation
of the collet hardness only. 1In that test series, shown in figure 18, the
collet hardness was varied from Rp 60, annealed condition, to Rec 44, heat treated
condition. In Phase II testing, the hardness of the race and pin was varied
while the collet hardness was held within the range of Rc 40 - 45. Five race
and pin hardness ranges were selected for investigation, Re¢ 10-20, 20-30, 30-40,
40-50 and 50-60. A 75 degree collet test assembly was used and tests were
conducted at three temperatures, ambient, minus 80°C and minus 196°C. No
lubrication was applied to the lock bearing surfaces. The same materials used
in the ball-lock program were used to obtain the various hardness requirements
(ref. paragraph 4.1.1). The results of this testing are shown in comparison
form in figure 19. It can be seen that all of the data obtained in this series
of tests was relatively high when compared to Phase I collet-lock test data. Since
the collet design was identical to that used in Phase I testing no specific reasons
can be given for the general increase in release force. Since all of the data
was consistantly high, it can be used to show the general relationship between
the various hardness tests. 1In later tests where lubrication was investigated,
the results obtained were more consistant with Phase I test data. These findings
indicate that lubrication is mandatory in a collet-lock assembly where pre-loads
on the order of 5000 pounds are present.

A temperature affect of any practical significance, as seen in the
ball-lock data, did not occur in these collet tests.  Therefore, a comparison of
the data was made neglecting temperature. As can be seen in this comparison,
shown in figure 19, the release forces decreased as harder component materials
were tested except for the Re 50-60 material. The R 50-60 tests were the only
tests in this series in which the release pin material was harder than the collet
material (Rc 40-50). A great amount of material transfer from the beryllium
copper collet to the maraging steel pin and galling of the collet was observed
in these tests. 1In all other tests of this series no excessive amount of material
transfer was noticed. Based on this reasoning, therefore, it is surmised that
the collet galling contributed to the release force increase. 1In all succeeding
tests release pins of a softer material than the collet were used.
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4.2.2 Surface Condition Investigation

4,2.2.1 Surface Finish

The effects of component surface finishes of 8, 16, 32 and 125 rms
on release force were investigated in this series of tests. Each finish under
investigation was limited to the bearing surfaces of the race, release pin and
collet. All tests were conducted at ambient temperature on hardware with a hardness
in the range of Rc 30 to 40. Two test series were performed. 1In the first series
no lubrication was used and the data obtained was relatively high and inconsistant.
Problems experienced in the material hardness investigation were similar to those
experienced in these tests. A second series of tests was performed where the
hardware was lubricated with Electrofilm Lubri-Bond A. The results of these
tests shown in figure 20 were much improved over the unlubricated test data.
Therefore, these data were used for the surface finish effects comparison. As
shown in figure 20 the release forces obtained in these tests increased in
direct proportion to the surface finish. Unlike the ball-lock surface finish
results, the release forces in the collet test series were significantly higher
in the 125-rms tests than in all others. The release force at 5000 pounds pre-
load in the 125-rms tests was approximately 600 pounds compared to approximately
300 pounds in 32-rms tests and 200 in the 8-rms tests. Only minor differences
were noted between the results of the 8- and 16-rms tests. For this reason and
manufacturing considerations the 16-rms finish was selected for all future testing.

4.2.2.2 Lubrication

Lubricants of the same type used in the ball-lock lubrication
tests were selected for this series also. The lubricants were Electrofilm
Lubri-Bond A, Molykote Z, Fluorocarbon $-122, Dow Corning FS1281, and KEL-F-#90.
Component hardware in the hardness range of R, 30-40 with a surface finish of
16 rms was used and tests were conducted at three temperatures, ambient, minus
809C and minus 196°C. The results of these tests are shown in figures 21 to 23.
A comparison of the data was made for each test temperature. As in the ball-lock
lubrication study, the film type lubricants provided the best results. The tests
where the two greases were used resulted in higher release forces than unlubricated
tests and as the temperature decreased the release forces increased greatly. The
Molykote Z test data compared with the unlubricated test data at ambient temperature
and minus 80°C but was much lower at minus 1969C. Also as in the ball-lock tests,
the lowest release forces were experienced in the tests where Electrofilm Lubri-
Bond A was used.

Based on the results of these tests, all remaining testing in
the collet-leck phase of the program was performed with Electrofilm Lubri-Bond A
applied to tearing surfaces in order to achieve more consistant data. Furthermore,
it is recommended that a spray film lubricant of some type be used in all appli-
cations where collet type locking mechanisms are in use.




4.2.2.3 Plating

In some applications in an corrosive environment, hardware of a
corrosive nature could be used if the hardware was plated with a passive material.
In this test series, the effects of plating on the release characteristics of the
lock were investigated. A hard chrome was selected as a representative plating
material. Thke chrome was coated to a thickness of 0.005 of an inch on release
pins in the hardness range of R, 30-40. The lock bearing surfaces were lubricated
with Electrofilm Lubri-Bond A. Tests were conducted at ambient temperature,
minus 80°C and minus 196°C. The results of these tests, shown in figures 24
through 26, were compared with results where unplated hardware was tested. A
comparison was made at each test temperature. It can be seen that the plating
did not significantly affect the release force of the test assembly. However,
like the ball-lock plating tests, no severe damage to or flaking of the chrome
plate was experienced in this test series.

4.2.3 Alignment Investigation

As in the ball-lock program, angular misalignments between the
two halves of the locking mechanism of one, two, three, four, six and eight
degrees were investigated in collet hardware test set-ups. The results of these
tests, shown in figure 27, were quite different, however, from the results of
the ball-lock alignment investigation. The data did not conform to any sort of
pattern and the release forces were relatively low throughout the entire series.
Although one set of hardware successfully completed tests up to eight degrees
of misalignment, another set of hardware fractured during six-degree tests. It
is surmised that when the pre-load is applied to the test hardware the collet
tip and pin actually bend when not aligned properly and tend to 'attempt self-
alignment. This action cannot happen in the ball-lock assembly since the ball-
lock tip is of sufficient structural strength to withstand bending. This
bending of the collet tip would tend to reduce release force values but would
increase the overall system stress and increase the possibility of failure.
It can be generally stated, therefore, that the force required to release a
collet-lock that was not properly aligned would be less than that required in
a similar ball-lock set-up but the chance of premature failure would be greater.

4,2.4 Life Cycle Investigation

Life cycle test series were performed on two sets of collet-lock
hardware. The race and pin hardness, Re 35, was the same for both sets of
hardware. Both series were conducted at ambient temperature with lubrication
on the lock bearing surfaces. In one case the lubricant used was Electrofilm
Lubri-Bond A, while in the other series Fluorocarbon S$-122 was used. The results
of these tests are shown in figures 28 and 29. 1In the first series, a fracture
occurred on release number 180 although the release forces up to that point were
very low and consistant. In the other series the collet assembly successfully
completed 250 cycles. Due to type and nature of the collet design, it appears
as though it will be subject to severe fatigue stressing when exposed to a great
number of cycles which may result in a fracture of the collet during release.

10




APPENDIX A

ILLUSTRATIONS




PNEUMATIC CYLINDER

T

BALL RETAINER

i

o)

INCHES

ILLUSTRATION 1. BALL-LOCK (2 INCH)

A-1




(M001,,1) *A°0,950°1

NOSTEVAWOD HZIS ADOT-TIVE *7 NOIIVELSATII

(30071 ,2/1 1) °*A°0,8S€°1

(007,2) *A°0,018°1

A-2




COLLET

RELEASE PIN

ILLUSTRATION 3, COLLET-LOCK (1 INCH)

A-3




EEEEEEEE

%

7

7 9@

‘/////

N

- U




COLLET SEGMENT
COLLET ANGLE

/0%
QN

'/ RELEASE PIN

RACE

ILLUSTRATION . COLLET-LOCK ANGLE MFASUREMENT

A-5




BALL

RELEASE PIN

SINGLE POINT CONTACT TWO POINT CONTACT

LINE CONTACT

ILLUSTRATION 6. BALL-LOCK PIN DESIGN

A-6

, W




APPENDIX B

GRAPHS




NOILVOILS3ANI SSINQHYH X201-17vE  '| 34N9I4
SANNOd 40 SO3YANNH NI Qv01-—3dd

)S ot 10, (014 al

L ‘— ! d { — L]

SWY 2¢ — HSINI4 30vi4uNns
Q310N SV — SSINQYVH IVI¥3LVA
INJIGAY — NIVHIdANITL

T T | T T T 1T 1 \ 1 [ T 17
?
2
o

SONNOd 40 SA3YANNH NI 30804 3ISV3N3Y




NOILVOILS3IANI SSINAHVYH J01-T11ve "2 38nold

SANNOd 40 SA3YANNH NI Qv0T1-34d
1% 107 Ol

| ! | ' I !

e |

os-ov
- -~y
23

p . —
\\\\\ ov- ¢ >
>3

- 7

SWYH 2€ — HSINI4 3DV4HNS 7
Q310N SV — SS3INQNYH WIN3IVW
20.08— — 34NIVYIAWIL

30804 3Sv3T3y

SANNOd 40 SQ3¥ANNH NI

B-2




NOILVSILS3IANI SSINGHVH XO01-T11ve "€ 34N9ld
SANNQd 40 SA3¥ANNH NI QvO0T1-34d

0os ot

ot

02 Ol

23
23

23

e

I

|

SWY 2¢ - HSINI4 30vi4dns
Q310N SV — SS3NQYVH Vi3IV
Do 961 = — 3UNIVYIdWIL

-

SONNOd 40 SQ3IYANNH NI 30804 3Sv313Y

B-3




NOLLVSILS3ANI NOILIGNOD 30V4HNS MJ01-11ve 't 3A4N914
SANNOd 40 SQ3MANNH NI QVO1-3dd

0% ot og 02 ol

_ L J T — 1 A | |
=
e
T e
~ SWH8 ~ -
ﬁl SWYHZ¢e
— SWH9I

SWYHGZI
T
T
— Q310N SV - HSINId 30v4H0S
Ob-0¢€ ~4 — SS3INGHEVH WIMIIVW

3 iN3IGWY - 34N1VE3IdNIL
i HSINI4 3D0v3dNsS

n

SANNOd 40 SAIMANNH NI 30404 3Sv3I3H

B-4



NOILLVOILS3ANI NOLLIONOD 30v4HNS X201-1vE & 3dN9Id
SAONNOd 40 SA3YANNH NI QvOT-3ud
0s ov 10,% 0c Ol

L — L A ¥ ‘— L) — 1

i 06 3-713)
1821~-S4 ONINHOD MmOad
3NON

- 221-5 NOgYY20dOoNd
Z 31OMAT0NW
L ¥, aNog-1¥aMm
:SINVOINENT

— SWM2E - HSINId 30v4Hns
Ot -0¢ %8 — SS3INQYVH WVINILVIW

INIIBANY — JYNIVYIdWIL

—aAMNEIHO

- AQNLS NOILYII™8NT

SAONNOd 40 SQ3HANNH NI 30M04 3SV33Y

B-5




oS

ot

NOILVOILSIANI NOILIGNOD 30V4HNS XJ071-T11vE "9 3dNoid
SANNOd 40 SA3YANNH NI QvVO1-34d

ot

0Oc Ol

M {

1 ' l '

06 4-13x

i821 54 ONINHOD MOQ
3INON

22i-S NO8YVIO0MON14
Z JLOMATOW

7., GNOg-188N7

ISINVOINENT

SWM2ZE — HSINIZ 3DV4HNS
Ob-0¢€ %4 - SSINCHVH IVINILVW

Jo 08— — JHNIYYIdWIL

—aMNEO G

AQNLS NOILvOIH8N1

SCNNOd 40 SQ3INONNH NI 30804 3Sv33Y

B-6




0s

ot

NOILV9ILS3IANI NOILIGNOD 3DV3dNS XO0T1-11vE L 3HNOId

SANNOd 40 SA3HANNH NI QvOT-3id

0,

0 ol

! 1

_ . _ N

06 4-713)
1821 -S4 ONINYOD MOQ
3NON

221-S NOSHVIOHONTS
Z 3LOMXIOW

¥, GNOB- g

ISLNVOI¥ENT
SWY2E — HSINIJ 30V4HNS
Ob - 0€°4 - SSIANQHVH IVINILVW

Jo 961— — JUNLVHIIWIL

IEFNTL T R

AGNLS NOLLYOI™eNn

SANNOd 40 SQ3¥ONNH NI 3004 3SV33Y

B-7




NOILVOILS3ANI NOLLIGNOD 3Jvi4d¥NS XJ01-11ve '8 3¥Nol4
SANNOd 40 SQ3YANNH NI QvO1-3dd

ot O¢ Ol

T — 1 A L — L]

(Q3LVIENN) OP—0E 94 ¢
09-06 4 2 ~
0£-02 %4 1
Vi34V 3Sve —
SWY 2€ —HSINId 30V4HNS
IN3IBAY - 34NLIVEIdWIL b

Nid Q3.1V1d 3WOHHS QYVH — AQNLS 9NILVd

SONNOd 40 SQ3YANNH NI 30804 3SV33Y
B-8




0s

ot

NOLLVOILS3ANI NOILIONOD 30v3dNS XO01-1vEe 6 3uN9Id

SANNOd 40 SA3¥ANNH NI Av01-3dd
oe 0c Ol

— T — L] — L |

{Q3L1v1dNN) OY -0¢ %4 ¢

09-05 %4 2

0€-02 94 1
CIVIY3LVYIN 3Sv8
SWY 2¢€ - HSINIJ 3Dv4HNS
0008~ -3HNIVYIdWNIL

Nid Q31vd 3WONHD QYVH - AQN1S SNILVd

SANNOd 40 SQ3YANNH NI 30404 3Sv3ay

B-9




NOILYDI1SIANI

NOILIONOD 30v4dNS XJ071-17vE Ol 3¥N9I3

SANNOd 40 SA3IYANNH NI AvO1-34d

0¢g ov

ot

0¢ ol

|

¥ — — Y

(Q31vdNN) OP—0¢ 94 ¢
09—-06 % 2
0g-02 %4
IVIH3LVIN 3SvE
SWY 2% - HSINI4 30V4HNS

o 961— -34NIVY3dN3L

Nid Q31vid 3WOYHD Q¥VH - AQN1IS ONI1LV1d

SANNOd 40 SO3YANNH NI 30804 3SV3T3Y

B-10



0s

NOILVOILS3ANI NOIS3Q Nid XO071-17ve ‘Il 3dNoid
SANNOd 40 SA3YANNH NI avO1-34d
ot ot o7/ ol

d 1 — L —\ Ll — | |

¢ 'ON Nid

L 'ON Nid

SWY 2¢ — HSINId 30v4HNS
Ot - 0¢ 24 - SSINGYVH IVIH3LVI
AN3IGAY - 3¥NIVYIdWIL .

Nid 3Sv3T34 1OVINOD 3NIN

SAONNOd 40 SGIYANNH NI 30804 ISV3I3M

B-11




0¢g

ov

NOILVOLLS3ANI NOIS3A NId MO01-717vg  “2i 34n9id
SANNOd 40 SQ3YANNH NI QvOT1~-3dd

ot

614 Ol

¢ 'ON Nid

L "ON Nid

L

SWYH 2€ - HSINIJ 3DV44NS
Ot -0¢ Y- SSINQYVH IVINIIVIN
LIN3ISWY - 38N1VHIdWIL

Nid 3SVv3T34 1OVLNOD LNIOd OM1

SONNOd 40 SA3HANNH NI 39804 3SV3T3Y

B-12



0s

NOILVOILSIANI
SONNOd 40 SA3YANNH NI QvOT1-34d

0] 4

oe

NOIS3A Nid MI0T1-11ve ‘¢l 349N9id

02 Ol

1

1

T

T

v

T

I

T

T

T

L

NId LOVINOD LINIOd 31ONIS

Nid 1OVINOD LNIOd OML

Nid_LDVINOD 3INIT

1

T — ¥ — 1

SWH 2€ - HSINId 3Jv4HNS
Ot -0¢ 24 - SSINAQYVH IVINILVW
INJIGWY - 34NLYHIdNIL

NOSIHVAWOO NOSIS3A Nid

SANNOd 40 SQ3YANNH NI 3JHO4 3ISV3I3Y

B-13




NOLLVOILS3IANI

og

INIANOITY MO011TvE "1 3WN9IS
SANNOd 40 SQ3HANNH NI Qv01-3dd

(07

ol

! 1

' |

Q310N SV - LN3WNOITVSIW
SWY 2€ - HSINI4 3Dv4HNS
Ob-0€ Y - SSANQHYH TVIHILYIN
INJIGWY — 38N1YHIdWIL

Ol

SANNOd 40 SA3YANNH NI 30803 3SvAT3d

B~14




NOILVOILS3ANI LN3WNDITIVY MO01-T11vg "SI 3uN9id
SANNOd 40 SQ3YANNH NI Qv01-3¥d

0s ot (0, 1074 Ol
; T T T T T .

O]
p— =
— @ et
= ® -
b —f
@ @ -

Ob - 0€°4 - SSANGYVH WIHIIVW

o8 - LN3JWNOITVSIW -]
SWY 2€ - HSINI4 30V4HNS

INIIBAVY - JUNIVYIJNITL —

ol

SANNOd 40 SQ3YANNH NI 30403 3SV33Y

B-15



022

NOILYOILSIANI 3TOAD 3417 MI01-T11vE  "9i 3HN9I4

S$1S31 40 YIGNNN
00e (0.°]] 08} (922} 02l 00! 08 09 ov 02

AR

SWYH 2E€ — HSINIJ 30v4dns

4 Ot - OF ~ SSINGHVH WINIIYW
ANIIEWY ~ FUNIVEIdWIL

L]

002

8
o

{SONNOd) 30804 3SVITIY

oot

[
o]
'2]

00L

008

B-16




NOILVOILS3ANI 3T0AD 3417 MO01-11vd Ll 3HN9IL
S1S831 40 H38AWNN
o%<e 0ce 002 08I 091 ovi 02l 00l 08 09 ob 0c
MM W . -
" ./:

SWH 2€ — HSINIJ 30v3uNS

0524 1331S ONIOVHV — SSINGHVH TWINILYWN

INJIBAV — 3UN1VH3dN3L

ool

002

00t

oov

o
Q
0

009

004

008

(SANNOd) 30404 3SV3N3YH

B-17




IIONV omh

,ZOHQUHHmEZH SSENTIVH AD0T-1ATIOD <81 TWAIIJI
SANOd 30 STIUANNH NI AvoT-Fud
0t Q7

_ _ _ .

7 oY

SL q¥

09 4

SSINTIVH

NOILIANOD

WVE00dd INFWAOTIAIA 00T TIVOITIEHN

SUNNOd JO STAWINNH NI F0¥Od ASYAIIY

B-18



o

["e]

NOILVOILS3ANI SS3INQYVYH IVIY3LVA MD01-131702 ‘6l 34N9I4
SONNOd 40 SA3HANNH NI QvOT1-3dd

10, 074 ol

T

|

=T T 1 7

]

T T T T T I 1

SWY 2€ - HSINIJ  3J0V4HNS b
Q310N SV — SSANQYVH IVINILVYW .
03193193N - 34N 1VH3IdW3IL

SONNOd 40 SA3YANNH NI 30804 3Sv33N

B-19




NOILVOILS3ANI NOILIONOD 30v4d¥NS 3201-1377100 02 um:w_u
SANNOd 40 SQ3HANNH Ni QvOT1-3dd

0s ot

og

(874

o]

SWY 8

L swi o

- SWY¥ z¢

T

SWY¥ Szt

|

T \T

T

W, ANOBIHENT WIIJ0H1D313 - NOILYOINENT

Q310N SV - HSINI4 30v44NS

Ot -0¢ 24 ~ SSINQYVH IVINILVW

AN3IBAV - 34N1VY3IdNIL

AQNLS HSINI3 30v3dNS

—

ol

SANNOd 40 SA3HANNH NI 30404 3SV33Y

B-20




NOILVOILSIANI

NOILIONOD 30V44NS AHI01-1371102

‘12 3¥N9id

SOUNNOd 40 SG3YANNH NI QvOT-3dd

ot

O¢

ol

T

T

™

L

1

06 3-713M
1821-S4 ONINMOD MOd
3NON

221-S NOSHVIOHONT3
Z 3LOMATON

V., anogmen

SSANYORHENT
SWY 91 - HSINIJ 3Jv3HNS

NN

Ob-0¢ 24 - SSINQYVH WINILYW

INIIBWVY ~34NIVHIdWIL

AQNLS NOILvIIHEN

SONNOd 40 SQ3IMANNH NI 30804 3SvV33Y

B-21




NOILVSILSIANI NOILIONOD JOVAMNS M901-1371100 ‘22 JMNSI4
SANNOJ 40 SQ3MANAH NI QYOT-3ud

oe

14 Ol

I ' 1 '

06 4-13)

1821-S4 ONINYO) MDQ
INON
221-S NOSNVI0MON1S
Z 3LOMAI0W
v, GNOSINENT

TSANVOINENT

SWH 91- HSINIZ 3DV4uNnS

Ot -0¢ %4 ~ SSANGYVH WINILVW
D6 08— —3IHNLYH3IJWIL

—aAMTING

AGNLS NOIlvoldgn

SANNOd 40 SQ3¥ANNH NI 304804 3SV33H

B-22




NOILYO!LSIANI

NOILIONOD 30v4dNS 3201-131100 "€2 38N

SAONNOd 40 SA3YANNH NI QvOT-3dd

ot

er4 Ol

1

06 4-13
1821-S4 ONIN¥OI MOQ
3NON

22i-S NOSYYOONON 4
Z 3I0MA10W

V.. GNOSINENM

ISINYIIHan
SWY 91 - HSINI3 3Jv3dns

Ob — O¢€ 24 - SSINQYVYH VINILVIN
Do 961— — JHUNIVHIAWIL

—aimFI3C

AQNLS NOILVIIEaNT

SANNOd 40 SQ3IYANNH NI 30404 3SV33H

B-23




NOILYOILS3IANI NOILIGNOD 309v4HNS X201-137100 b2 34N9I4
SANNOd 40 SAI¥ANNH NI QVOT1-3ud
0s (04 . 10, 0¢c Ol

T I Y | T ] T | Y

W7, ONOBINENT WII40810373 - NOILYDINEN
Ot -0 % - Nid Q31vIdNN 2
— IVIY3ILIVN 3SvE Ot -0€ %M - Nid 431vid I

"SSANGHYH WINILVIW
- IN3ISAY ~ 3HNIVYIdWIL

i Nid 031vid 3WOHHD QuvH - AGNLS ONILV 1d

SANNOd 40 SO3YANNH NI 30404 3SV3I3Y

B-24




0s ot

NOILVOILS3ANI NOILIONOD 3Ov4dNS XJ01-137700 G2 3HN9I4
SAONNOd 40 SA3HANNH NI QvOT-3dd
ot 02 Ol

¥ — L — L] — |

Ju, ONOSIHENT WIH04 193713 = NOILYOI¥ENT
Ob-0€ 4 -Nid Q31vIdNN 2
vI¥3LVW 3SvA O -0¢€ 4 — Nid Qalvid I
SS3ANQHVYH IWVIM3LVIN

Jo 08~ - 3HNIVHIdWNIL

Nid Q31vid 3WOHHD QYVH - AdNLS 9NILVd

SANNOd 40 SQ3M¥ANNH NI 30804 3Sv3T3y

B-25




NOILVOILS3ANI NOILIONOD 32v4¥NS HMD071-137102 '92 38N9I4
SANNOd 40 SA3YANNH NI QVOT-34d
os ov 10, 0 ol

' — ' — T _ } — ]

WV, GNOSIHENT WTIJ04 123713 - NOILYDINEN

Ot -0£ %4 — Nid Q3LvidNn 2
— IVIY3LvN 3SvE Ob-O0€9 - NId Q31vid I

:SSANQYYH IVINILVW
i Jo 961~ — JUNLVYIAWIL

" Nid d31vd 3WOYHD QdVH - AQGNLS 9NILIV 4

SANNOd 40 SO3¥ANNH NI 30404 3SVY373y

B-26




0s ov

NOLLV9ILS3IANI

ANIANSITVY HO0T-137700 22 3¥N9I4

SANNOd 40 SQ3¥ANNH NI avOT-3dd

ot

0O¢ ol

r

L) — ¥ — 1

Q3LON SV - INJWNOITVSIW
Y, ANOSIMENT WI140419313 - NOILYOIHENT

SWY 91— HSINI4 32V48NS
Ob-0¢ %4 -SSINQYVH IVINILVIW
LINIIGAY — J8N1VHIdWIL

SANNOd 40 SQ3¥ANNH NI 30404 3SV33Y

B-27




ove

(44

NOILVOILS3ANI 370AD 3410 MO01-137100 °'82 3IHN9I4

08l

09l

S1S31 40 H38WNN -

Ot|

0cl

00! 08 09 Ot 0¢

BSV3

NO Q38N Y

ovyal

SWY 91- HSINIJ 30V48NS
G6eod SSHOS — SSINGHVH TVINILVIN

INIIGAV-3¥NLVEIdWNIEL

00t

00¢

8 3
g . L2
30804 3SVI 3

B-28

o
Q
ﬂSONﬂOd)

009

0oL

008




ove

0ce

. NOLLVOILS3ANI 3TI0AD 3417 ¥001-1371100 ‘62 3¥N9Id

A

S1S31 40 ¥38WNN

ov |

021

00! 08 09 9,4 02

002 "~ 08I 091

AT g A

SWH 91— HSINI4 3DV4ENS
SeO4 SS #OL - SSINOQYVH IVINIIVW

INIIBNY - JHUNLVHIINI L

0ol

002

o
?
(SONNO) 30404 3SVIT3Y

00¢

009

00L

008

B-29

31

NASA-Langley, 1968




